The picornavirus-like deformed wing virus (DWV) has been directly linked to 21 colony collapse; however, little is known about the mechanisms of host attachment or entry for 22 DWV or its molecular and structural details. Here we report the 3-D structures of DWV capsids 23
INTRODUCTION
Essential DNA Green Supermix (Roche), 0.25μM primers, 0.2 μL of cDNA sample and was 139 heated to 95°C for 10 mins followed by 45 cycles of 95°C for 10 sec, 55°C for 10 sec, and 72°C 140 for 15 sec. Primers used to detect levels of DWV and other honey bee viruses were as follows: 141 
DWV purification and characterization 152
For DWV1 and DWV2, two mL of unfiltered DWV infected bee homogenate was 153 applied to 2 mL of 30% sucrose (w/v) in PBS in a red-capped Beckman tube. Viral capsids were 154 pelleted through the sucrose cushion in a 50.2Ti rotor at 48k rpm for two hours at 4°C. The pellet 155 was resuspended in 2 mL PBS and transferred to a 10%-35% sucrose (w/v) in PBS with 0.1% 156
Tween gradient for ultracentrifugation in a SW41 rotor for two hours at 4°C and a speed of 36kwith 1% uranyl formate (UF) on glow discharged continuous carbon copper EM grids. Stained 162 samples were imaged at 60 kV accelerating voltage in a JEOL 1400 TEM (Peabody, MA) at the 163 Penn State College of Medicine Imaging Core Facility. 164
From each of the two gradient bands a 16 μL aliquot was mixed with 4 μL of 5X 165
Laemmli running buffer and incubated at 95°C for 5 minutes before transfer to a Mini-166 PROTEAN TGX precast gel (Bio-Rad). The Precision Plus protein standard (Bio-Rad) was 167 added as a size ladder and electrophoresis was conducted at 200 V and 30 mA for 40 minutes. 168
The gel was stained with Coomassie blue. 169
For the second purification protocol that isolated the RNA-filled virus, one mL of DWV 170 infected bee homogenate was purified and imaged as described above with the exception of 171
For cryo-EM, Aliquots of DWV capsids from the top band (DWV1) and lower band 185 (DWV2) were applied to freshly glow-discharged holey carbon Quantifoil EM grids (Quantifoil 186
Micro Tools GmbH, Jena, Germany) to which a thin layer of continuous carbon support film was 187 applied. Grids were blotted and plunge frozen in liquid ethane using a Gatan CP3 robot 188 (Pleasanton, CA). Vitrified grids were screened for ice quality and sample concentration at the 189 Grids from DWV2 were transported to University of Pittsburgh for data collection using 199 an FEI Polara G2 microscope operating at 300 kV and a nominal magnification of 78,000x with 200 defocus values ranging from -0.19 to -5.76 μm using an FEI Falcon 2 direct electron detector 201 with post-column magnification of 1.4x yielding a calibrated pixel size at the sample of 1.37 Å. 202
203

Microscopy for second sample preparation conditions 204
Aliquots from the top band and lower band were imaged by negative stain (see above). 205
From the lower band, 3.5 μL of sample was applied to freshly glow-discharged holey carbon 206
Quantifoil EM grids (Quantifoil Micro Tools GmbH, Jena, Germany) to which a thin layer of 207 continuous carbon support film was applied. Grids were blotted and plunge frozen in liquid 208 ethane using a Gatan CP3 robot (Pleasanton, CA). Vitrified grids from the RNA-filled capsids 209 were recorded at the Penn State College of Medicine Imaging Core Facility using low dose 210 conditions on an Ultrascan 4000 charged coupled-device (CCD) camera (Gatan, Pleasanton, 211 CA). The JEOL 2100 microscope was operating at 200 kV and equipped with a Gatan 626 cryo-212
holder. 213 214
Image processing and three-dimensional reconstruction 215
Reconstructions for the DWV1 and DWV2 from the first purification and the partially-216 RNA-filled viruses that had been incubated overnight at 37°C were initiated separately with drift 217 correction using the DriftCorr program(25). Defocus estimation was performed with 218 CTFFIND4(26). Particles were automatically selected from each micrograph using the 219 EMAN2.1 program(27). The selected particles were normalized, linearized, and apodized prior 220 to image reconstruction. AUTO3DEM operating in "gold standard" mode divided each data set 221 into two halves to generate random models, determine particle orientations, calculate the final 222 reconstructions, and assess the resolution at a Fourier shell correlation (FSC) cutoff of 0.143 223 (28)( Table 1 ). The negative stain particles were also processed similarly except the contrast was 224 inverted before initiating auto3DEM. 225
Fitting analysis and density difference map calculations were completed using Situs and 226 Chimera (29, 30). Handedness of the maps was assigned based on the correlation coefficient of 227 the fitted structures into flipped and unflipped maps. Local resolution estimations were 228 calculated with ResMap (31). Sequence alignments for Fig. 5 and Fig. 8 were performed using 229
Clustal-Omega (32). Maps of slow bee paralysis virus were generated from the crystal structures 230 (PDB ID: 5J96 and 5J98) using pdb2vol from the Situs package with a Gaussian smoothing 231 kernel, resolution = 7Å, and pixel size = 1.37 Å/pixel (29). The crystal structures (PDB ID: 5J96 232 and 5J98) were fit into DWV1 and DWV2 using Chimera fit-in-map with icosahedral symmetry 233 operators applied to generate all 60 asymmetric units. 234
235
Results and Discussion 236 237
Detection of DWV 238
Homogenates made from adult worker honey bees with obvious deformed wings were 239 assessed by qRT-PCR using primers for DWV and other honey bee viruses. The only virus 240 detected in samples was DWV (Fig. 1A) . When these infectious bee homogenates were 241 examined by negative stain transmission electron microscopy (TEM) both RNA-filled and empty 242 virus capsids were seen (Fig. 1B) . Since RNA-filled capsids and procapsids are often found in 243 lysates from picornaviruses (21, 33) , (34), this finding suggests that DWV makes a procapsid 244 along with the RNA-packaged infectious virus (Fig. 1C) . After differential centrifugation of the 245 homogenate, two protein bands were observed as has been seen previously for large volume 246 picornavirus preparations where the top band corresponds to the procapsid and the lower band to 247 the genome packaged infectious viron (35). However after the bands were collected, incubated 248 overnight at 4°C, and the buffer exchanged for examination by negative stain TEM (Fig. 2B,C ) 249 both bands were found to contain ~30 nm diameter empty capsids. Thus upon further handling of 250 the two virus capsid types, the RNA packaged virus lost the genome resulting in an empty 251 capsid. At this point we could not definitively distinguish between preexisting procapsids and 252 newly formed 80S-like empty capsids (36). SDS-PAGE analysis of the bands confirmed the 253 presence of virus proteins, but also did not allow differentiation between procapsid and the 80S 254 particle ( Fig. 2A) . 255
256
Top and lower bands contain empty virus capsids with different structures 257
Samples from top and bottom bands were vitrified for cryo-EM data collection and 258 icosahedral image reconstruction ( Fig. 3 and Table 1 five-fold vertex is closed by a strong density plug at the inner capsid surface that has multiple 264 thick connections to the capsid shell ( Fig. 3G, H) . 265
The density map from the lower band, DWV2, was also decorated with spikes at each 266 five-fold vertex; however, the protrusions were much closer to the axis and formed a closed ring 267 structure ( Fig. 3E, F ; blue spikes). The inter-pentamer bridge at the two-fold axis was present 268 whereas the connections between pentamers at the three-fold axis seemed more substantial. 269
There was an open pore through the capsid shell at each five-fold vertex that together with the 270 ring structure forms a tube-like extension (Fig. 3I, J) . A plug of density is also present beneath 271 the five-fold pore, but held in place with only tenuous density connections to the capsid shell 272 (Fig 3J) . The local resolution of the maps shows that the spike density has lower resolution 273 suggesting flexibility. The density displayed in the central sections attests to the resolutions of 274 6.1 and 7.6 Å for DWV1 and DWV2, respectively (Fig. 4) . 275
Capsid composition 277
Compared to related viruses, DWV has a significantly longer VP1 C-terminus, 171 278 residues longer than that of the related Ljungan virus, which has 49% sequence similarity based 279 on alignment of the region encoding the structural proteins (Methods and Fig. 5 ). The Ljungan 280 virus capsid structure (PDB ID 3JB4) was fitted into the DWV1 (Fig. 6 ) and DWV2 cryo-EM 281 maps (21). The last C-terminal residue of Ljungan VP1 mapped to the base of the DWV spike, 282 leaving most of the spike density unfilled -1.22x10 5 Å 3 for both DWV1 and DWV2. Apart from 283 the spikes, there was no other DWV density left unfilled from the fitted Ljungan virus structure 284 that might accommodate the DWV VP1 C-terminal extension. The entire DWV VP1 sequence 285 was submitted to the structure prediction server Robetta (http://robetta.bakerlab.org) (37, 38) and 286 the resulting robetta model was aligned with the Ljungan VP1 structure. The first 221 amino 287 acids of the predicted DWV protein had a similar structure to that of Ljungan VP1. The unique 288 171 C-terminal residues of DWV model contained two helices (residue 338-355 and 358-361). 289
The Robetta model was fitted into both DWV1 (Fig. 6B ) and DWV2 to predict the movement of 290 the spikes during genome release (Movie 1). The 171 C-terminal spike domain residues of our 291 model appear to rock ~40° about the hinge at the base with residues Ser236 -Thr243 appearing 292 to be the pivot point. The large movement of the spikes produces the effect of opening the vertex 293 channel through the capsid shell. 294
A defining characteristic of related insect virus capsids is the linking of pentamers by a 295 strand swapping mechanism that occurs when the N-terminus of a VP2 protein extends across 296 the icosahedral two-fold axis to interact with residues in the neighboring pentamer. This 297 extension creates a density bridge. The pentamer that receives the VP2 N-terminus donates a 298 VP2 N-terminus back across that same bridge creating an effective "protein staple" across each 299 two-fold. Ljungan virus also uses strand swapping to connect pentameric units as indicated by 300 the fitted Ljungan VP2 that passed through a specific bridge of DWV density located at the two-301 fold axis in both DWV maps (Fig. 6A) . 302
Fitting of the Ljungan virus structure aided in interpretation of the DWV capsid 303 composition; however, the structure of a more closely related virus, slow bee paralysis virus 304 (SBPV), was recently solved (22). Although sequence similarity is lower compared to Ljungan 305 virus (33%), the capsid structure of SBPV shares similar characteristics with DWV, including 306 the five fold spikes and VP2 strand swapping (Fig. 7) . Fitting the SBPV structures (PDB ID 5J98 307 and 5J96) into DWV1 and DWV2 resulted in relatively poor correlation coefficients (0.35 and 308 0.59, respectively), likely due to spike and five-fold related structures that are out of density (Fig  309   7 CD) . The fittings did reveal that the N-termini of VP1 maps to the strong density plugs beneath 310 the five-fold channel. The VP1 N-termini are mostly out of density wrapping around the five fold 311 vertex in an intertwined configuration, much like the placement of VP4 in picornavirus 312 structures. The five-fold density plug remains unfilled, although the strength of the cryo-EM 313 density (equal to that of the strongest capsid features) suggests it might correspond to RNA or 314 VP4, it cannot yet be interpreted. The exact location of DWV VP4, or even if it has been cleaved 315 from VP0, remains unknown. 316
During the DWV and SBPV comparisons several inconsistencies in nomenclature were 317 found due to the use of different conventions by different researchers. Previously during 318 annotations of the DWV and the SBPV genomes the virus proteins were named according to a 319 molecular weight convention resulting in a DWV gene order of VP 2, 4, 1, 3 and a SBPV gene 320 order of VP 3, 4, 1, 2 (Fig. 8) (17, 39) . However, in the recent SBPV crystal structure the virus 321 proteins were labeled according to structural homology with picornaviruses, which resulted inassigning VP1, 2, and 3 as VP3, 1, 2, respectively. Since SBPV VP1 (46kDa), 2 (29kDa), and 3 323 (27kDa) had been characterized previously (39), we used the previous assignment here when 324 comparing to DWV. To provide consistency and clarity, the alignment of DWV with SBPV was 325 color coded (Fig. 8) and the DWV annotation published in 2007 (17) was used throughout. 326
327
DWV1 is the procapsid and DWV2 is an 80S-like empty capsid 328
The two different empty capsid forms identified from the top band and lower band are 329 likely procapsid and an 80S-like particle that resulted from the virion releasing genome upon 330 further handling during the purification. The major structural difference between the two is in the 331 position of the five-fold spikes, suggesting that the emptied virion has undergone significant 332 conformational changes in order to release the genome. To learn more about the capsid 333 conformational changes of DWV, the preparations of infectious honey bee homogenate were 334 reexamined by negative stain TEM (Fig. 9A) . Approximately 200 RNA-filled virion were 335 selected for reconstruction, and despite the limitation on resolution, the density map clearly 336 revealed five-fold spikes in the open conformation (Fig. 9B, C) similarly to DWV1. This result 337 suggests that the procapsid (DWV1) and the RNA containing virus capsid share the same 338 conformation whereas DWV2 is likely an empty 80S-like particle that has undergone a 339 conformational transformation in order to release its RNA. 340
341
RNA filled virus releases genome upon incubation 342
With the aim to stabilize the RNA filled virus capsids, additional DWV infectious bee 343 homogenate was purified using new purification buffer with a pH 7.4. Again ultracentrifugation 344 resulted in distinct top and lower bands, which were collected, buffer exchanged and viewed by 345 on December 2, 2016 by PENN STATE UNIV http://jvi.asm.org/ Downloaded from TEM (Fig 10A, B) . Whereas only empty capsids were seen again in the top band, the lower band 346 was found to contain a mixed population of filled and empty capsids in a ratio of approximately 347 50:50. The presence of filled and empty capsids suggested that infectious virus might be 348 releasing RNA. To test this possibility, an aliquot from the lower band was incubated at 37°C 349 overnight and viewed the next day by TEM (Fig. 10C) . After the incubation the population was 350 characterized by slightly filled particles, reminiscent of A-particles (40-42) and empty capsids. 351
The sample was vitrified and a data set collected using the home source cryo-EM (Methods), 352 resulting in a cryo-EM map of modest resolution. The density map showed a virus particle with 353 density corresponding to RNA in the interior and the five-fold spike conformation in the closed 354 ring-like form (Fig 10D, E) . Tables:  580  581  Table 1 infected honey bee homogenates. Unfiltered and filtered honey bee extracts were subjected to 595
qRT-PCR using primers corresponding to four different common honey bee viruses including 596
DWV, black queen cell virus (BQCV), Kashmir bee virus (KBV), and sacbrood virus (SBV). 597
The relative ratio of each virus RNA compared to an internal control gene is shown. DWV was 598 the only virus detected and the amount of virus detected was unaffected by the filtration process. 
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